An immunological method was developed that Isolates DNA fragments containing bromouracil 1n repair patches from unrepaired DNA using a monoclonal antibody that recognizes bromouracil. Cultured monkey cells were exposed to either UV light or the activated carcinogen aflatoxin B and excision repair of damage 1n DNA fragments containing the Integrated! and transcribed E.coli gpt gene was compared to that in the genome overall. A more rapid repair of both UV and AFB. damage was observed in the DNA fragments containing the E.coli gpt genes. The more efficient repair of UV damage was not due to a difference in the initial level of pyrimidine dimers as determined with a specific UV endonuclease. Consistent with previous observations using different methodology, repair of UV damage in the alpha sequences was found to occur at the same rate as that 1n the genome overall, while repair of AFB. damage was deficient in alpha DNA. The preferential repair of damage in Hhe gpt gene may be related to the functional state of the sequence and/or to alterations produced 1n the chromatin conformation by the Integration of plasmid sequences carrying the gene.
INTRODUCTION
It 1s of Increasing Interest and significance to ascertain whether or not all sequences in the eucaryotic genome are damaged and repaired to the same extent. It is known that the chromatin structure both of expressed genes and of the sites of integration of foreign DNA cause these sequences to be highly sensitive to digestion by DNAse I (1,2,3), while non-expressed, tandemly repeated DNA sequences exist 1n tightly condensed chromatin structures (4) . We are just beginning to learn to what extent these different chromatin structures affect the distribution of damage and repair in the genome. Lesions produced by aflatoxin 8. (AFB,) (5, 6) , furocoumarins (7, 8, 9) , and N-acetoxy-2-acetylam1nofluorene (10) are found predominantly 1n the Internucleosomal linker DNA. Studies with the highly repetitive alpha DNA of African green monkey cells have shown that removal of certain bulky chemical adducts from the heterochromatic, non-transcribed alpha DNA is less efficient than 1s their removal from the genome overall (11) (12) (13) (14) . Evidence has been presented for preferential binding of AFB. to Mbosomal genes (15) , for preferential binding and removal of benzo(a)pyrene in the transcribed fraction of the genome (16) and for more rapid removal of pyrimidine dimers from the highly amplified dihydrofolate reductase gene 1n Chinese hamster ovary cells (17) . However, the formation and repair of alkali labile sites induced by N-methyl-N'-n1tro-N-n1trosoguanidine was similar in the transcriptionally active collagen type I gene and inactive e-globin gene of human cells (18) . Thus, the biological consequences of DNA damage and the mode of Its repair probably depend upon the type of damage introduced into the DNA and upon the functional state of the chromatin where the damage is located.
In this study, we have developed an immunological method for the measurement of repair, similar to that described by Conn and Lieberman (19, 20) , using a monoclonal antibody to bromouradl-containing DNA to separate DNA fragments containing repair patches from unrepaired DNA. The presence of specific sequences in the repaired and unrepaired DNA fragments are detected by using nick translated probej for the sequences of interest. Unlike methods which rely upon the loss of a labeled adduct or of an endonuclease sensitive site from a sequence, this technique sensitively detects the repair synthesis event Itself and therefore allows direct comparison of repair 1n specific sequences of a variety of types of DNA damage. We have applied this method to the question of whether the repair of damage 1n a region of the genome that contains an integrated and expressed foreign DNA is different from that in the genome overall. A comparison was made between the overall rate of repair synthesis following UV irradiation or treatment with AFB. and the rate of repair in regions of the monkey genome containing the Integrated and transcribed gpt gene of E.coli (Ecogpt). A more rapid repair of both UV and AFB, damage was observed in DNA fragments containing the Ecogpt gene than in the genome overall. We also employed the Immunological method to measure repair in DNA fragments containing the alpha DNA sequence, since repair 1n this sequence in monkey cells has been extensively characterized (11) (12) (13) (14) . Consistent with the previous observations measuring repair synthesis and direct adduct removal, repair of UV damage 1n alpha DNA occured at the same rate as that 1n the genome overall, while repair of AFB 1 damage was deficient 1n alpha DNA. The rapid repair of damage In the Ecogpt gene may be related to the functional state of the sequence and/or to alterations produced in the chromatin conformation by the Integration of plasmid sequences carrying the gene.
MATERIALS AND METHODS
Cell Culture Conditions and Treatment.
CV-1 African green monkey cells containing the plasmid pSV2-gpt were obtained from J. Reichardt and P. Berg (Stanford University).
The number of copies of the plasmid integrated Into the monkey genome was determined by slot blotting onto nitrocellulose filters serial dilutions of the genomic DNA from the monkey cells and known amounts of pSV2-gpt to serve as standards.
The presence of the plasmid was detected by hydridizing the filters with 32 P-nick translated pSV2-£p_t as described below. Following autoradiography, the intensity of the hybridization was quantitated by densitometry.
Approximately 3 copies of pSV2-g_p_t were present in the cell line. Genomic DNA to be analyzed by gel electrophoresis was Isolated on polycarbonate filters essentially as described by Leadon and Cerutti (24) . The ONA was released from the filters with Xho I (Bethesda Research Laboratories; 5 U/ug DNA). Genomic DNA to be analyzed by slot hybridization was isolated from cells that were lysed, treated with proteinase K directly on the culture dishes and sheared by two passages through a 25 gauge needle to an average molecular weight of 10 daltons. With both procedures, the parental density DNA (containing bromouracil (BrUra)-substituted repair patches) was resolved from hybrid density DNA (synthesized by semiconservative replication) on CsCl gradients (25) . The parental density DNA was then dialyzed extensively against 10 mH Tris, pH 8, to remove the CsCl. Separation _of DNA Fragments Containing Repair Patches.
DNA was reacted with a monoclonal antibody against BrUra (generously supplied by M. Vanderlaans and J. Gray, Lawrence Liver-more Laboratory; 26) by a modification of the procedure described by Aarden et al. (27) . 20 ug of heat denatured DNA was Incubated with 30 ug antibody 1n phosphate buffered saline (PBS) containing 0.1% bovine serum albumin for 1 h at 37° C. An equal volume of ice-cold saturated ammoni um sulphate 1n PBS was added and the Incubation continued for 15 m1n at 4° C. The precipitate was collected by centrifugation for 10 min in a Beckman microfuge B at 4° C. The supernatant was carefully removed and the pellet dissolved 1n double distilled water. Aliquots of the supernatant and pellet were assayed for radioactivity by liquid scintillation counting to determine the relative amount of DNA bound by the antibody.
Equal amounts of ONA from the supernatant and pellet were electrophoresed on 0.5% alkaline agarose gels as described by Bohr et al. (16) . The DNA was transferred to Zetabind membranes (AMF) as described by Southern (28) and Wahl et al. (29) . The membranes were prehybridized in 5x SSPE (SSPE • 100 mM NaCl, 10 mM NaPO. (pH 7.8), 1 mM EDTA), lOx Denhardt's solution, 500 ug/ml sonicated denatured salmon sperm DNA and 50% formamide for 4 h at 42° C, then hybridized with 32 P-n1ck translated pSV2-jj£t 1n 5x SSPE, lx Denhardt's, 100 ug/ml denatured salmon sperm DNA and 50% formamide for 16 h at 42 C. Unbound probe was removed by washing the membranes twice In 2x SSPE, 0.1% sodium dodecyl sulphate (SDS) for 15 min at room temperature and twice in 2x Fully hydrid density DNA made by semiconservative synthesis was separated from unrepHcated DNA by centrifugation 1n CsCl density gradients (25) . Unreplicated, parental-density DNA was then reacted with a monoclonal antibody against Brllra and the DNA bound by the antibody was precipitated in 50% ammonium sulfate and separated from free DNA by centrifugation (27) .
When cells were irradiated with UV followed by a 12 h post-treatment Parental density DNA was isolated from CsCl gradients and reacted with a monoclonal antibody against BrdUrd. DNA bound to the antibody was precipitated in 50% ammoni um sulphate and the percentage of DNA in the bound and free fractions determined by liquid scintillation.
The proportion of DNA fragments containing repair patches that reacted with the antibody was measured by labeling UV Irradiated cells with [ H]-th>m1dine during the post-treatment incubation.
The amount of total DNA (represented by the C-label) reacting with the antibody Increased nearly linearly with time (Fig. 2) .
However, the percentage of DNA containing repair label which was bound by the antibody was approximately 70% at 6 h and 90% by 48 h post-treatment. When DNA from the 48 h post-UV incubation was sheared by sonication to an average of 200 J>p, the amount of total DNA reacting with the antibody was substantially reduced from 80% to only 3-4%, while the amount of DNA containing the repair label was not significantly reduced (data not shown).
Thus, the accumulation of repair patches substituted with BrUra, produced by Increasing either the initial amount of UV damage or the post-UV incubation, resulted in an Increase in the amount of DNA bound by the antibody. In addition, a preferential binding of antibody to those DNA fragments containing repair patches was observed. Repair _1ji Specific Sequences.
Since the antibody reacted specifically with DNA containing repair patches substituted with BrUra, we examined whether specific DNA sequences might be preferentially found In the subset of DNA fragments having repaired regions.
After separating DNA bound by the antibody from free DNA, equal amounts of DNA from the supernatant and pellet were either electrophoresed on alkaline agarose gels and transferred to a membrane support or were slot blotted 1n duplicate directly onto nitrocellulose filters. The presence of specific DNA sequences 1n the bound and free fractions was detected by using 32 P-labeled probes specific for the sequences of Interest: the non-transcribed alpha sequence or the transcribed Ecogpt gene resident on the plasmid pSV2-gpt integrated as 3 tandemly arranged copies Into the genome of these cells. Cells were exposed to either 20 J/m 2 UV light or 0.32 mM AFB. and allowed to repair for 24 h. The DNA was isolated and digested with the restriction endonuclease Xho I since neither pSV2-gpt or the alpha sequence contain Xho I sites. Because both sequences are tandemly arranged within the genome, the digestion produced unique sized restriction fragments that contained each sequence. The autoradiogram in Fig. 3 shows that for the same amount of DNA loaded into each lane of the gel (0.5 ug), more hybridization to pSV2-gpt sequences was found 1n the fraction bound by the antibody (Fig.  3, lanes a and c) than In the free fractions (lanes b and d) . When the same filter was probed for the presence of alpha sequences, similar amounts of hybridization to alpha sequences were found 1n the bound and free fractions following UV Irradiation (Fig. 3, lanes a' and b') .
However, in cells treated with AFB., a decreased hybridization to alpha sequences was found in the fraction bound by the antibody (lanes c' and d'). Hybridization of specific sequences to repaired DNA. Cell cultures were exposed to either 20 J/m UV or 0.32 mM AFB, and incubated for 24 h 1n the presence-of 50 uH BrdUrd.
Genomic ONA, digested with Xho I, was reacted with the antibody to BrdUrd.
DNA bound by the antibody was precipitated with 50% ammonium sulphate and 0.5 ug from the bound (B) and free (F) fractions were electrophoresed on a 0.5% alkaline agarose.nel.
The DNA was transferred to a Zetabind membrane and probed first with P-n1ck translated pSV2-jjp_t (lanes a-d) and then with a 340 bp alpha dimer (lanes a'-d') . The origin and size markers are indicated. high degree of homology, the intensity of probe hybridized to a genomic restriction fragment reflects the amount of the sequence of interest present. The intensity of hybridization was quantitated by densitometry and the percentage of each sequence 1n the bound fraction per 0.5 ug of DNA loaded onto the gel was compared to the percentage of total DNA bound by the antibody (Table 1) . A 3-4 fold enhancement was found in the percentage of the Ecogpt gene in the bound fraction after either UV or AFB. when compared to the total DNA bound by the antibody. This indicates that there are more repair patches 1n those DNA fragments which contain the Ecogpt gene. In contrast, the same percentage of the alpha sequence was found 1n the bound fraction as 1n the total amount of DNA bound by the antibody following UV irradiation. This Indicates that there are, on average, the same number of repair patches 1n alpha DNA as in the rest of the genome. Following treatment with AFB., fewer alpha sequences were found 1n the bound fraction compared to the total amount of DNA bound by the antibody, indicating that there is a lower frequency of repair patches 1n alpha DNA compared to that 1n the rest of the genome.
The comparative time course for the repair of DNA damage in the Ecogpt gene and the alpha sequence was determined by blotting DNA from the bound and free fractions onto duplicate nitrocellulose filters and then hybridizing with probe made from either pSV2-jyrt or the 340 bp dimer of alpha DNA. The amount of each sequence 1n the two fractions was quantitated by densitometry of the auto radiogram.
Following Irradiation of cells with 20 J/irr, an increase In the percentage of both the Ecogpt and the alpha sequences in the DNA that was bound by the antibody was found with post-treatment Incubation (Fig. 4) . However, a higher percentage of the Ecogpt sequences were found 1n DNA fragments bound by antibody than there was total DNA bound by the 
POST-TREATMENT INCUBATION (Hours)
F1 9 ure 5 -Repair of AFB damage 1n specific nucleotide sequences. Cell cultures were exposed to 0.32 mM AFB and Incubated for various times as described 1n the legend to Figure 1 . Equal amounts of DNA from the bound and free fractions were slot blotted onto nitrocellulose and probed for either pSV2-jj£t or a 340 bp dimer of alpha DNA. The percentages of total DNA (•), pSV2-gjp_t (A) and alpha sequences (•) were determined as described for Figure 4. antibody, while the percentage of alpha sequences 1n the antibody-bound DNA fragments was similar to total DNA. Similar results were found 1f the cells were Irradiated with only 10 J/nr (data not shown). Thus, the regions of the genome with the repair sites preferentially contain the Ecogpt genes. Similarly, following exposure of cell cultures to activated AFB., a higher percentage of the Ecogpt sequences was found 1n the DNA bound by the antibody with post-treatment Incubation than total antibody-bound DNA (F1g. 5). In contrast, a much lower percentage of the alpha sequences were 1n the DNA fragments bound by the antibody than total DNA. Therefore, 1n the regions of the genome 1n which repair had taken place following exposure to AFB., there was a higher frequency of repair patches found 1n those regions containing the Ecogpt genes than 1n the genome overall and relatively few repair patches 1n those regions containing the alpha sequences.
Initial Frequencies and Removal £f Endonuclease Sensitive Sites (ESS).
To determine 1f the regions of the genome with the Ecogpt genes contained a different initial frequency of damage than did the alpha sequences, we measured changes in the frequencies of sites sensitive to T4 endonuclease V, which makes single-strand scissions in DNA at sites of pyrimidine dimers (32) . Cell cultures were Irradiated with 5 J/m 2 UV 1n Ice-cold buffer and either immediately lysed or incubated at 37°C for 24 hr. The autoradiogram in Figure 6 shows that T4 endonuclease treatment decreased the amount of the restriction fragments that contained either the Ecogpt or alpha sequences (lanes a and b) . The frequencies of ESS in the Xho I fragments were calculated from the proportion of fragments Insensitive to the T4 endonuclease using the Poisson expression and were normalized to a fragment size of 100 kb (Table 2 ). These data Indicate that approximately the same frequency of ESS are produced 1n the fragments which carry either the Ecogpt or alpha sequences (2.85 vs. 2.5 ESS per 100 kb per 5 J/m ).
When the cells are Incubated for 24 hr following UV Irradiation ( Figure  6, lanes c and d) , there 1s a significant reappearance of T4 endonucleaseresistant Xho I fragments. From the frequency of ESS 1n these fragments (Table 2) , 1t appeared that approximately 96% of the ESS were removed from those fragments which contain the Ecogpt genes. In contrast, only 62% of the ESS were removed from those fragments containing alpha sequences.
Thus, consistent with our finding using the 1mmunolog1cal method, the alpha sequences do not appear to be repaired as efficiently as the Ecogpt genes.
DISCUSSION
An Immunological method was used to isolate DNA fragments containing repair patches from total genomic DNA. The separation was dependent on the number of fragments containing repair patches as evidenced by the linear response with either the dose of UV to the cell or with the post-UV incubation time. While the percentage of total DNA bound by the antibody was dependent on the fragment size, the percentage of repair patches detected by tne antibody was independent of fragment size for DNA fragments as small as 200 bp. This is probably due to the fact that the size of the repair patch following UV irradiation is considerably smaller than the smallest DNA fragments used (11,13). UV produces repair patches that are on average 20 bp, while AFBj produces repair patches that are a mixture of 20 bp and 10 bp (11). This is presumably because separate repair pathways are acting on the bulky AFB adducts and the apurinic sites produced by the spontaneous loss of adducts from the DNA. It 1s not known what effect the size of the repair patch has on the efficiency of antibody binding; however, efficient binding of the antibody to DNA from cells exposed to ionizing radiation, which should produce small repair patches of 10 bp or less, has also been observed (Leadon, unpublished results). Thus, the antibody appears to be able to recognize and bind repair patches of relatively short length. The number of antibody molecules bound to a repair patch and the number of antibody molecules required to precipitate a DNA fragment of a given size are, as yet, unknown. However, 1t is apparent that only one repair patch 1s required to cause precipitation of a DNA fragment when that fragment 1s relatively small.
The isolation of DNA fragments containing repair patches allows for the quantitation of repair of a variety of types of DNA damage 1n the genome overall.
In addition, a comparison of the processing of damage between various sequences 1n the genome can be made by hybridizing this DNA to probes for the specific sequences. The repair of damage 1n a sepedfic nucleotide sequence was investigated by comparing the proportion of the Ecogpt sequence contained in DNA fragments bound by the antibody with the total amount of DNA bound by the antibody. Following exposure to either UV or AFB., a greater percentage of the Ecogpt sequences were found in DNA fragments bound by the antibody than there was total DNA bound by the antibody, indicating a preferential repair 1n regions of the genome containing these sequences compared to the genome overall. We compared our finding of preferential repair 1n the Ecogpt gene to repair in alpha DNA analyzed by the Immunological method, since repair 1n alpha DNA has been extensively characterized by other methods. In contrast to the results with Ecogpt, the proportion of alpha sequences 1n the antibody-bound DNA fragments was similar to the proportion of total DNA bound by the antibody following UV Irradiation, Indicating that UV damage 1n those fragments containing alpha sequences was repaired with the same efficiency as 1n the genome overall.
However, following treatment with AFB., a much lower percentage of the alpha sequences was found 1n the DNA fragments bound by the antibody compared to total DNA.
The observation that repair of UV damage 1n the alpha sequences was as efficient as in the genome overall while repair of AFB. damage was deficient Is consistent with results of previous studies which used different methodology (11) (12) (13) (14) . The deficient repair of AFB. damage 1n alpha DNA was hypothesized to be due to the chromatin conformation of a non-transcribed, heterochromatic DNA, since there was no difference in the level of adduct binding. The fact that UV damage in alpha DNA is proficiently repaired might then be explained by pyrimidine dimer-Induced alterations of the alpha chromatin structure 1n such a my as to facilitate Its repair.
The preferential repair of UV damage 1n the Ecogpt gene compared to the alpha sequences 1s not due to a difference in the Initial level of pyrimidine dimers, since the efficiency of their formation (measured by ESS) was similar for the two sequences. This Indicates that the gene 1s not significantly shielded from the UV and eliminates the possibility that the increased repair synthesis in the Ecogpt gene might be related to a greater dimer frequency 1n these sequences. The observation that active genes are more susceptible than other regions of the genome to modification by benzo(a)pyrene (6) and AFBj (15, 33) does, however, complicate the interpretation of the more efficient repair of AFB. in the Ecogpt gene. The use of T4 endonuclease V to measure the repair of pyrimidine dimers 1n specific sequences has been developed by Hanawalt and co-workers (17, 34, 35) .
We compared that assay and the Imaunological method for analyzing repair within specific sequences (Tables 1  and 2 ). Using both these methods, we observed a preferential repair of UV damage 1n the Ecogpt gene. However, the Immunological method has the dual advantage of allowing measurement of repair following exposure to more than one damaging agent (e.g., UV and AFB.) and of allowing comparison of repair 1n total DNA and in specific sequences 1n the same DNA preparation.
In addition, the sensitivity of this assay for measuring repair 1n a specific sequence 1s not dependent on the size of the restriction fragment that contains the sequence of Interest, as 1s the case with measuring ESS.
The preferential repair of damage 1n DNA fragments containing the Ecogpt gene observed in this study may be due to the chromatin structure associated with an expressed gene.
However, confluent cultures were used in these experiments and it is not known what the transcriptional state of the gene 1s under these conditions. If the gene is not being transcribed or only to a An alternate explanation for the proficient repair of damage in DNA fragments containing the Ecogpt genes 1s that 1t may be related to an altered chromatin structure associated with integration of the plasmid. Weintraub (36) has shown that an SI nuclease sensitive site located on the 6-glob1n gene was retained after transfection of the 5'-end of the chicken B-globin sequence into mouse L cells, whereas the Inactive endogenous mouse a-globin genes were not SI sensitive. This suggests that while transfected DNA may be able to circumvent the normal suppression of certain genes that occurs during development, the transfected gene still retains some of the characteristics of the endogenous sequence. We are currently investigating the repair of damage both 1n endogenous genes and in cell lines that contain an Integrated gene with an Inducible promoter in order to better distinguish enhanced repair of a sequence due to Its transcriptional activity from enhanced repair due to chromatin alterations brought about by Integration of a sequence Into the genome. This work was supported by a grant (NP161) from the American Cancer Society, a USPHS grant GM099O1 awarded to P.C. Hanawalt and a PHS grant CA4O453 awarded by the National Cancer Institute, DHHS, to S.A. Leadon.
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